The energy performance and pressure fluctuations in a centrifugal pump with inlet guide vanes (IGVs) are investigated experimentally and numerically in a prewhirl angle range of −24 • to 24 • and in an axial distance range of 280 mm, 380 mm, and 460 mm. The reliability and accuracy of the numerical method are validated by the satisfactory agreement between the experimental data and numerical results. Prewhirl regulation with IGVs can significantly increase the energy performance and broaden the efficient operation range for the centrifugal pump due to the improvement of flow pattern at the impeller inlet. The prewhirl angle has an obvious impact on pump energy performance, and the maximum amplitudes of pressure fluctuations on the blade leading edge of the pressure and suction sides decrease by 69% and 89%, respectively. The axial distance has a slight impact on pump energy performance, but the maximum amplitudes of pressure fluctuations drop by 35.4% on the blade leading edge of pressure side when the axial distance extends from 280 mm to 460 mm.
Introduction
The inlet guide vanes are widely used in operation adjustment of industrial centrifugal compressors, especially in the case of a slight pressure variation at constant rotational speed. IGVs for centrifugal compressors have been thoroughly studied both experimentally and numerically. Zhou et al. [1] investigated the unsteady IGVs-impeller-diffuser interaction in a centrifugal compressor, and found that the unsteadiness in the diffuser with negative IGVs angles was larger than that with positive prewhirl angles. Coppinger and Swain [2] demonstrated the test techniques and resulting analyses of the existing design of inlet guide vanes systems for industrial centrifugal compressor, and conducted some predictions of the performance of the improved IGVs system design. Mohseni et al. [3] presented three different novel IGVs designs for centrifugal compressors and the results showed that the s-cambered profile was preferred for applications with positive prewhirl. Cui [4] and Oro et al. [5] focused on the unsteady flow for centrifugal compressors with inlet guide vanes, and analyzed the unsteady flow structures, periodic interaction, and wake transport. Johnston and Fleeter [6] performed experiments on pressure and velocity fields of wake-induced by IGVs for three IGV-rotor axial distances. The results showed that higher harmonics of the vertical gust component for IGV wakes decayed at a uniform rate due to viscous diffusion. The IGV-rotor axial distance had minimal effect on the velocity deficit of IGVs' wake. Fukutomi and Nakamura [7] studied the energy performance and internal flow of a cross-flow fan with inlet guide vanes, with consideration of the effect of IGVs angle and length.
However, compared with centrifugal compressors, the prewhirl regulation of IGVs is seldom adopted in centrifugal pumps, due to the inevitable pressure loss and potential deterioration of cavitation performance caused by inlet guide vanes. However, related studies demonstrated that the prewhirl regulation would widen the high efficiency zone and improve the energy performance for off-design conditions with the proper prewhirl angle and axial distance [8] . Tan et al. [9] [10] [11] [12] proposed a new hydraulic design method of three-dimensional guide vanes for centrifugal pumps and investigated the influence of prewhirl regulation by inlet guide vanes on energy performance, cavitation performance, and unsteady flow characteristics in a centrifugal pump by numerical and experimental studies. Ahmed et al. [13] realized an efficiency enhancement by 2% for a centrifugal water pump under design condition, and the efficiency reached a maximum at the pre-whirl angle of 60 • . Chan et al. [14] numerically studied the effects of IGVs on the flow pattern and shear stress in a centrifugal blood pump, and found that the IGV effected the inlet velocity triangles, and further contributed to a drop in the pressure head. Ferro et al. [15] presented a fast design method for the inlet guide vanes of low-cost mini hydraulic bulb turbines and validated it by traversing measurements along the circumferential and radial directions with a five-hole probe.
The rotor-stator interaction between IGVs, impeller, and volute in a pump generates pressure fluctuations and induces operation instability [16] . Therefore, related studies have been conducted to sufficiently reveal the incentive, distribution, and intensity of pressure fluctuations in pumps. Yang et al. [17] investigated the effects of the radial gap between impeller outlet and volute tongue on efficiency and pressure fluctuations of a pump as turbine, and found that the rotor stator interaction of impeller and volute would cause high-frequency fluctuations in the volute and low-frequency fluctuations in the impeller. Spence et al. [18] investigated the pressure fluctuations in a centrifugal pump by numerical methods and industrial tests. The results showed that the regions in the pump experiencing the largest pressure fluctuations are located at the impeller outlet, with large fluctuations also present in the volute at positions in close proximity to the cutwater or splitter. Zhang et al. [19] analyzed pressure pulsation signals measured from shutoff to maximum operating conditions using an auto-power spectrum algorithm and the root mean square (RMS) method, and found that a sloped volute could significantly decrease the pressure pulsation level. Tan et al. [20, 21] studied the pressure fluctuations in a centrifugal pump under non-cavitation and cavitation conditions, and the result showed that cavitation would greatly strengthen the amplitudes of the pressure fluctuations. The above results show that the dominant frequencies of pressure fluctuations in a centrifugal pump are closely related to the rotor-stator interaction between the impeller and volute. The amplitudes of the pressure fluctuations are significantly enlarged under cavitation conditions. Although some studies have been conducted on the prewhirl regulation of IGVs in centrifugal pumps, the relationship among prewhirl angle, axial distance, and pump performance has not been fully revealed, which is of significant importance on the energy performance and operation instability for a centrifugal pump. Thus, a systematic investigation on the influence of the prewhirl angle and axial distance on the energy performance and pressure fluctuation for a centrifugal pump with inlet guide vanes is conducted in the present research.
Physical Model and Computational Mesh

Physical Model of Centrifugal Pump
The tested centrifugal pump is a conventional single suction centrifugal pump, and the main design parameters of the centrifugal pump are listed in Table 1 . Six IGVs are circumferential, evenly installed in the suction pipe. The axial distance is defined as the distance between the central line of IGVs and the impeller inlet. The prewhirl is defined as a positive value when the prewhirl direction of IGVs is the same as the direction of impeller rotation; otherwise, the prewhirl is negative. In the present work, 16 computational cases are built for suction pipes without IGVs and with IGVs at different prewhirl angles (0 • , ±12 • , ±24 • ) with three axial distances (280 mm, 380 mm, 460 mm). The test apparatus for the centrifugal pump consists of (1) an exhaust (Sections 1-3), (2) a pump (Sections 4-7), and (3) a water supply (Sections 8-10), as shown in Figure 1 . The computation domain consists of three parts: a suction pipe without or with IGVs, an impeller, and a volute for the centrifugal pump.
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Computational Domain and Mesh
Numerical Method and Setting
Numerical Method
In the present work, the computation fluid dynamics software CFX 14.5 (ANSYS Inc., Pittsburgh, PA, USA) and the RNG k-ε turbulence model are employed. The boundary conditions are set as: the total pressure at pump inlet, the mass flow rate at the pump outlet, and no slip wall at the walls. The methods of frozen-rotor and transient-rotor-stator are applied to couple the rotational and stationary domains for steady and unsteady calculations, respectively [22] [23] [24] . The relative position between the stable suction pipe and the volute and the rotational impeller remains unchanged in the frozen-rotor method, while it varies according to the angular velocity of the impeller in the transient-rotor-stator method. 
Numerical Method and Setting
Numerical Method
In the present work, the computation fluid dynamics software CFX 14.5 (ANSYS Inc., Pittsburgh, PA, USA) and the RNG k-ε turbulence model are employed. The boundary conditions are set as: the total pressure at pump inlet, the mass flow rate at the pump outlet, and no slip wall at the walls. The methods of frozen-rotor and transient-rotor-stator are applied to couple the rotational and stationary domains for steady and unsteady calculations, respectively [22] [23] [24] . The relative position between the stable suction pipe and the volute and the rotational impeller remains unchanged in the frozen-rotor method, while it varies according to the angular velocity of the impeller in the transient-rotor-stator method. Taking the results of the steady simulation as the initial flow field, the unsteady calculation is conducted to investigate the unsteady flow and pressure fluctuations in the centrifugal pump. The convergence criterion is set as that the value of the root mean square residual is below 1 × 10 −5 .
Independence Test of Mesh Density and Time Step
To validate the independence of the mesh density, four sets of meshes with mesh elements from 1,709,954 to 3,165,914 are employed to conduct calculations on the centrifugal pump without IGVs. As shown in Table 2 , the variation of pump head and efficiency is minuscule with ∆H/H 1 ≤ 0.0065 and ∆η/η 1 ≤ 0.0006. Therefore, comprehensively considering the calculation cost and accuracy, Mesh 2 with 2,155,166 elements is chosen in the following calculations. The rotation period of impeller for the centrifugal pump is T = 60/1450 s = 0.04137931 s. Three different time steps are set as 1.0776 × 10 −4 s, 2.1552 × 10 −4 s, and 4.3103 × 10 −4 s, which are 1/384T, 1/192T, and 1/96T, respectively, to validate independence of the time step. Figure 3 presents the time histories of pressure at two monitoring points PS4 and V0, which are located at the blade pressure side and volute tongue, respectively. The results show that the predicted pressure curves are highly consistent at both positions, illustrating that the influence of time step ∆t on the simulation result is negligible. Considering both the calculation cost and accuracy, a time step of 2.1552 × 10 −4 s is chosen in the following calculations. Taking the results of the steady simulation as the initial flow field, the unsteady calculation is conducted to investigate the unsteady flow and pressure fluctuations in the centrifugal pump. The convergence criterion is set as that the value of the root mean square residual is below 1 × 10 −5 .
To validate the independence of the mesh density, four sets of meshes with mesh elements from 1,709,954 to 3,165,914 are employed to conduct calculations on the centrifugal pump without IGVs. As shown in Table 2 , the variation of pump head and efficiency is minuscule with ΔH/H1 ≤ 0.0065 and Δη/η1 ≤ 0.0006. Therefore, comprehensively considering the calculation cost and accuracy, Mesh 2 with 2,155,166 elements is chosen in the following calculations. The rotation period of impeller for the centrifugal pump is T = 60/1450 s = 0.04137931 s. Three different time steps are set as 1.0776 × 10 −4 s, 2.1552 × 10 −4 s, and 4.3103 × 10 −4 s, which are 1/384T, 1/192T, and 1/96T, respectively, to validate independence of the time step. Figure 3 presents the time histories of pressure at two monitoring points PS4 and V0, which are located at the blade pressure side and volute tongue, respectively. The results show that the predicted pressure curves are highly consistent at both positions, illustrating that the influence of time step Δt on the simulation result is negligible. Considering both the calculation cost and accuracy, a time step of 2.1552 × 10 −4 s is chosen in the following calculations. 
Result and Discussion
Simulation Accuracy Validation
The experiment of the test pump was carried out at Dongfang Pump Co., Ltd (Shanghai, China). Through uncertainty analysis of the system, the comprehensive error of the pump performance measurement is estimated within ±0.358%. To validate the reliability and accuracy of the numerical method, the steady calculations are carried out under five working conditions and five prewhirl 
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The experiment of the test pump was carried out at Dongfang Pump Co., Ltd. (Shanghai, China). Through uncertainty analysis of the system, the comprehensive error of the pump performance Energies 2017, 10, 695 6 of 14 measurement is estimated within ±0.358%. To validate the reliability and accuracy of the numerical method, the steady calculations are carried out under five working conditions and five prewhirl angles with the axial distance of 380 mm. Figure 4 shows the comparison of performance curves of head and efficiency between the experimental and simulation results. The simulation performance curves for all cases are in remarkable agreement with the experimental results, with the maximum relative errors at small flow rates smaller than 5.0%. For flow rates around the best efficiency point, the maximum relative errors of pump efficiency for different prewhirl angles are smaller than 0.2%. Additionally, there is a difference between the computational model and experimental model, which is the axial mounting bracket in the suction pipe. It is validated by numerical simulation that the impact of the bracket on pump performance can be neglected. angles with the axial distance of 380 mm. Figure 4 shows the comparison of performance curves of head and efficiency between the experimental and simulation results. The simulation performance curves for all cases are in remarkable agreement with the experimental results, with the maximum relative errors at small flow rates smaller than 5.0%. For flow rates around the best efficiency point, the maximum relative errors of pump efficiency for different prewhirl angles are smaller than 0.2%. Additionally, there is a difference between the computational model and experimental model, which is the axial mounting bracket in the suction pipe. It is validated by numerical simulation that the impact of the bracket on pump performance can be neglected. Figure 5 shows the variation of head and efficiency for the centrifugal pumps without IGVs and with IGVs for five prewhirl angles with the axial distance of 380 mm. With the prewhirl angle decreasing from 24 • to −24 • , the pump head dramatically increases at all flow rates, which demonstrates the pump head is significantly influenced by the prewhirl angle γ. The reason is that when the prewhirl angle decreases from a positive angle to a negative angle, the circumferential velocity at the impeller inlet will also decrease from a positive value to a negative value, thus causing the increase of the pump head according to the Euler equation.
Influence of Prewhirl Angle of IGVs on Pump Performance
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Generally, IGVs can significantly increase the energy performance of the centrifugal pump, and the effect is strongly influenced by the prewhirl angle. By changing the prewhirl angle at different flow rates, the efficient operation range of the centrifugal pump can be effectively broadened. It can be illustrated from Figure 5b that all efficiencies of pumps with prewhirl regulation are higher than that without IGVs when the flow rate is below 380 m 3 /h. For low flow rates below 280 m 3 /h, the efficiencies of pumps with positive prewhirl angles are higher than those with negative prewhirl angles. However, for large flow rates beyond 360 m 3 /h, the efficiencies of pumps with positive prewhirl angles are lower than those with negative prewhirl angles. The reason is that, at low flow rates, the positive prewhirl suppress the second flow in impeller, and improve the pump efficiency. Figure 6 shows the pressure distribution and surface streamlines on a circumferential section of D = 200 mm in a blade-to-blade passage at Q = 200 m 3 /h. It can been seen that the pressure at the section for γ = −24 • is higher than that for γ = 24 • , and this phenomenon corresponds with the pump heads for different prewhirl angles. There is an obvious second flow at this section, and the intensity of the second flow is suppressed when the prewhirl angle turns from γ = −24 • to γ = 24 • , while at large flow rate the impact loss of IGVs with positive prewhirl angles greatly increases, and then reduces the effect of prewhirl regulation on pump efficiency. Figure 5 shows the variation of head and efficiency for the centrifugal pumps without IGVs and with IGVs for five prewhirl angles with the axial distance of 380 mm. With the prewhirl angle decreasing from 24° to −24°, the pump head dramatically increases at all flow rates, which demonstrates the pump head is significantly influenced by the prewhirl angle γ. The reason is that when the prewhirl angle decreases from a positive angle to a negative angle, the circumferential velocity at the impeller inlet will also decrease from a positive value to a negative value, thus causing the increase of the pump head according to the Euler equation. It can be illustrated from Figure 5b that all efficiencies of pumps with prewhirl regulation are higher than that without IGVs when the flow rate is below 380 m 3 /h. For low flow rates below 280 m 3 /h, the efficiencies of pumps with positive prewhirl angles are higher than those with negative prewhirl angles. However, for large flow rates beyond 360 m 3 /h, the efficiencies of pumps with positive prewhirl angles are lower than those with negative prewhirl angles. The reason is that, at low flow rates, the positive prewhirl suppress the second flow in impeller, and improve the pump efficiency. Figure 6 shows the pressure distribution and surface streamlines on a circumferential section of D = 200 mm in a blade-to-blade passage at Q = 200 m 3 /h. It can been seen that the pressure at the section for γ = −24° is higher than that for γ = 24°, and this phenomenon corresponds with the pump heads for different prewhirl angles. There is an obvious second flow at this section, and the intensity of the second flow is suppressed when the prewhirl angle turns from γ = −24° to γ = 24°, while at large flow rate the impact loss of IGVs with positive prewhirl angles greatly increases, and then reduces the effect of prewhirl regulation on pump efficiency.
Generally, IGVs can significantly increase the energy performance of the centrifugal pump, and the effect is strongly influenced by the prewhirl angle. By changing the prewhirl angle at different flow rates, the efficient operation range of the centrifugal pump can be effectively broadened. Generally, IGVs can significantly increase the energy performance of the centrifugal pump, and the effect is strongly influenced by the prewhirl angle. By changing the prewhirl angle at different flow rates, the efficient operation range of the centrifugal pump can be effectively broadened.
To reveal the flow details in pumps without and with IGVs, the three-dimensional vortex defined by the Q criterion is presented in the downstream view in Figures 7 and 8 , based on the simulation results at the designed flow rate. The Q criterion is the second invariant of the velocity gradient tensor, which is defined as Q = 1 2 ((∇ · V) 2 − tr(∇V 2 )). Compared with the centrifugal pump without IGVs, the vortex intensity significantly decreases and the vortex distribution is more uniform in pumps with prewhirl regulation. When the prewhirl angle decreases from 24 • to −24 • , the vortex core region gradually increases on the blades, as well as in the vicinity of the blade leading edge, while the vortex intensity in the suction pipe decreases at first, and then increases with a relative range. The above analysis indicates that, with the consideration of vortex intensity in the impeller and suction pipe, prewhirl regulation with IGVs remarkably optimizes the flow pattern in the impeller and makes it more homogeneous, which explains the efficiency improvement at the designed flow rate, as shown in Figure 5b . For different prewhirl angles, the positive prewhirl shows better optimization effects than the negative prewhirl, but the increase of the positive prewhirl angle also leads to greater energy loss on the guide vanes. Consequently, comprehensively considering the energy loss in the impeller and suction pipe, the pump with prewhirl regulation of γ = 0 • reaches the highest efficiency at the designed flow rate, as shown in Table 3 .
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Compared with the centrifugal pump without IGVs, the vortex intensity significantly decreases and the vortex distribution is more uniform in pumps with prewhirl regulation. When the prewhirl angle decreases from 24° to −24°, the vortex core region gradually increases on the blades, as well as in the vicinity of the blade leading edge, while the vortex intensity in the suction pipe decreases at first, and then increases with a relative range. The above analysis indicates that, with the consideration of vortex intensity in the impeller and suction pipe, prewhirl regulation with IGVs remarkably optimizes the flow pattern in the impeller and makes it more homogeneous, which explains the efficiency improvement at the designed flow rate, as shown in Figure 5b . For different prewhirl angles, the positive prewhirl shows better optimization effects than the negative prewhirl, but the increase of the positive prewhirl angle also leads to greater energy loss on the guide vanes. Consequently, comprehensively considering the energy loss in the impeller and suction pipe, the pump with prewhirl regulation of γ = 0° reaches the highest efficiency at the designed flow rate, as shown in Table 3 . Taking the steady calculation results as the initial flow field, the transient simulation under the designed flow rate is conducted for 12.5 impeller revolutions. The data of the last 10 revolutions is used to construct the fast Fourier transform (FFT), so the frequency characteristics of the pressure fluctuations on the monitoring points are obtained. Table 4 shows the dominant frequencies and maximum amplitudes of the pressure fluctuations on the monitoring points in the impeller and volute. It can be seen that all frequencies of the pressure fluctuations for pumps without and with IGVs are the integer times of the impeller rotating frequency fi, demonstrating that the impeller rotation and the rotor-stator interaction between the impeller and volute are the crucial factors for the frequency characteristics of the pressure fluctuations. Except for γ = 24° on SS1 and SS3, the dominant frequencies of the pressure fluctuations on the blade are all the same for pumps with and without IGVs. Compared with pumps without IGVs, the maximum amplitudes of the pressure fluctuations on PS1, SS1, and SS3 in pumps with IGVs significantly decrease, with maximum drops of 69%, 89%, and 58%, respectively. For all pumps without and with IGVs, the dominant frequencies on PS3, PS5, and SS5 remain the same, and the variation of maximum amplitudes is very small. For different prewhirl angles, the maximum amplitudes on PS1 and SS3 at γ = −24° are larger than those at γ = 0° and γ = 24°, which can be attributed to the interaction between the negative prewhirl regulation and the positive rotation in the impeller. For γ = 24°, the dominant frequencies on SS1 and SS3 change to 2fi and 5fi, which are related to the strong positive prewhirl effect shown in Figure 7d . The above analysis indicates that prewhirl regulation makes the flow state at the impeller inlet more homogeneous and further optimizes the pressure fluctuation characteristics on the blade. The influence of the prewhirl angle on pressure Taking the steady calculation results as the initial flow field, the transient simulation under the designed flow rate is conducted for 12.5 impeller revolutions. The data of the last 10 revolutions is used to construct the fast Fourier transform (FFT), so the frequency characteristics of the pressure fluctuations on the monitoring points are obtained. Table 4 shows the dominant frequencies and maximum amplitudes of the pressure fluctuations on the monitoring points in the impeller and volute. It can be seen that all frequencies of the pressure fluctuations for pumps without and with IGVs are the integer times of the impeller rotating frequency f i , demonstrating that the impeller rotation and the rotor-stator interaction between the impeller and volute are the crucial factors for the frequency characteristics of the pressure fluctuations. Table 4 . Spectrum analysis of pressure fluctuations in pumps without and with IGVs (Q = 340 m 3 /h).
Monitoring Point
Dominant Frequency Maximum Amplitude of Pressure Fluctuation (Pa)
No IGVs Except for γ = 24 • on SS1 and SS3, the dominant frequencies of the pressure fluctuations on the blade are all the same for pumps with and without IGVs. Compared with pumps without IGVs, the maximum amplitudes of the pressure fluctuations on PS1, SS1, and SS3 in pumps with IGVs significantly decrease, with maximum drops of 69%, 89%, and 58%, respectively. For all pumps without and with IGVs, the dominant frequencies on PS3, PS5, and SS5 remain the same, and the variation of maximum amplitudes is very small. For different prewhirl angles, the maximum amplitudes on PS1 and SS3 at γ = −24 • are larger than those at γ = 0 • and γ = 24 • , which can be attributed to the interaction between the negative prewhirl regulation and the positive rotation in the impeller. For γ = 24 • , the dominant frequencies on SS1 and SS3 change to 2f i and 5f i , which are related to the strong positive prewhirl effect shown in Figure 7d . The above analysis indicates that prewhirl regulation makes the flow state at the impeller inlet more homogeneous and further optimizes the pressure fluctuation characteristics on the blade. The influence of the prewhirl angle on pressure fluctuations is related to the interaction between the prewhirl effect at the impeller inlet and the impeller rotation.
For pressure fluctuations on V1, V3, V5, V7, and V9 in the volute, the dominant frequencies are all 6f i , which is the blade passing frequency. Similar with PS3, PS5, and SS5, the maximum amplitudes on monitoring points in the volute nearly remain unchanged, demonstrating that the influence of the prewhirl angle on pressure fluctuations in the volute is very slight. It can be concluded that the influence level of prewhirl regulation and prewhirl angle on pressure fluctuations decreases from the leading edge of blade to the volute for the centrifugal pump.
To evaluate pressure fluctuation energy in the pumps with and without IGVs, the RMS method is applied in Equations (1) and (2):
where N is the sample number, P i is the pressure at each time step, and P is the mean value of pressure. Based on 1920 data points in the last 10 revolutions of the numerical simulation, the pressure RMS values in the unsteady calculation are obtained. Table 5 shows the pressure RMS values on monitoring points in the impeller and volute of pumps with and without IGVs. The variation trends of the pressure RMS values in pumps with different prewhirl angles are similar with those of the maximum amplitudes of pressure fluctuations in Table 4 . Compared with pumps without IGVs, the pressure RMS values on PS1, SS1, and SS3 in pumps with IGVs decrease by 58%, 83%, and 43%, respectively. This shows that the IGVs significantly weaken the pressure fluctuation energy in the pump. Table 5 . Pressure RMS values in pumps with different prewhirl angles.
Monitoring Point
No IGVs (Pa) PS1  3492  1474  1979  1485  PS3  4362  4239  4309  4493  PS5  8613  8600  8492  8696  SS1  2395  839  893  400  SS3  3960  2240  2674  2290  SS5  5898  5731  5709  5880  V1  9634  9610  9680  9501  V3  4791  4845  4804  4861  V5  1992  1980  1972  1962  V7  2903  2873  2909  2832  V9 5817 5817 5885 5743 Figure 9 shows pressure gradient and turbulence intensity distribution on blade-to-blade surfaces in the middle span of the impeller. The turbulence intensity, also often referred to as turbulence level, is defined as:
where k is the turbulence kinetic energy and U is the mean velocity. Through the user-defined function in CFX 14.5, the turbulence intensity I is defined according to Equation (3), thus, the turbulence intensity distribution in the pump is obtained.
surface side near the leading edge dramatically decreases when the prewhirl angle changes from −24° to 24°, illustrating that the unsteady flow field in regions near the leading edge of blade for γ = 24° is more disordered than that for γ = −24°. It can be concluded that a positive prewhirl angle produces greater optimization effects on the flow state in the impeller than a negative prewhirl angle at the designed flow rate, and the optimization of the flow field around points PS1, SS1, and SS3 significantly reduces the pressure fluctuation amplitudes, as shown in Tables 4 and 5 . 
Influence of Axial Distance on Pump Performance
The axial distance DA is defined as the distance between the central line of IGVs and the impeller inlet. To investigate the influence of the axial distance on the energy performance and pressure fluctuation in pumps with IGVs, the steady and unsteady simulation under the designed flow rate are conducted in the present work. Table 6 shows the comparison of pump efficiencies with axial distances of 280 mm, 380 mm, and 460 mm. The experimental results show that the highest efficiencies of pumps with different axial distances are 78.410% at DA = 280 mm for γ = −12°, 78.760% at DA = 380 mm for γ = 0°, and 78.560% at DA = 460 mm for γ = 0°. The simulation results show that the highest efficiencies are 78.871% at DA = 280 mm for γ = 0°, 78.894% at DA = 380 mm for γ = 0°, and 78.877% at DA = 460 mm for γ = 0°, respectively. Therefore, the axial distance of 380 mm is the recommended axial distance for the present centrifugal pump and IGVs. Figure 10 shows circumferential velocity distribution at the impeller inlet with different axial distances for γ = 0° at the designed flow rate. Due to the positive prewhirl effect for γ = 0°, the value of the circumferential velocity is negative, meaning that the rotation direction of the fluid is the same as the impeller rotation direction. For DA = 280 mm, the flow at the impeller inlet is not homogeneous enough at the impeller inlet compared with Figure 10b ,c, which may lead to the disordered flow state in the impeller. For DA = 460 mm, the fluid viscosity through the long suction pipe decreases the velocity circulation at the impeller inlet, thus weakening the prewhirl effect, as shown in Figure 10c . 
The axial distance D A is defined as the distance between the central line of IGVs and the impeller inlet. To investigate the influence of the axial distance on the energy performance and pressure fluctuation in pumps with IGVs, the steady and unsteady simulation under the designed flow rate are conducted in the present work. Table 6 To study the pressure fluctuations for different axial distances, the unsteady simulation under the designed flow rate is carried out, and the frequency characteristics of the pressure fluctuations are obtained by the fast Fourier transform. Table 7 shows the dominant frequencies and maximum amplitudes of pressure fluctuations on monitoring points on the impeller blade and in the volute. The results show that, for different axial distances, the dominant frequencies of pressure fluctuations on most monitor points remain the same, and the variation of the maximum amplitudes on PS3, PS5, and SS5 is very slight. The maximum amplitudes of pressure fluctuations on PS1, SS1, and SS3 gradually decrease when the axial distance increases from 280 mm to 460 mm, indicating that the influence of the axial distance on pressure fluctuations in the impeller concentrates on the region near the blade leading edge. For PS1, on the blade leading edge of the pressure side, the maximum amplitude of the pressure fluctuation reduces from 1697 pa to 1111 pa in a drop of 35%. This can be attributed to the decrease of the axial distance leading to the deterioration of the homogeneous degree at the impeller inlet and further influences the flow pattern in the impeller, as shown in Figure 10 . As Table 7 shows, both the dominant frequencies and maximum amplitudes of pressure fluctuations in the volute nearly remain unchanged with the increase of the axial distance, demonstrating that the influence of the axial distance on pressure fluctuations in the volute can be neglected.
The above analysis shows that the influence of the axial distance on pressure fluctuations in the centrifugal pump decreases from the leading edge of the blade to the volute. The axial distance of 460 To study the pressure fluctuations for different axial distances, the unsteady simulation under the designed flow rate is carried out, and the frequency characteristics of the pressure fluctuations are obtained by the fast Fourier transform. Table 7 shows the dominant frequencies and maximum amplitudes of pressure fluctuations on monitoring points on the impeller blade and in the volute. The results show that, for different axial distances, the dominant frequencies of pressure fluctuations on most monitor points remain the same, and the variation of the maximum amplitudes on PS3, PS5, and SS5 is very slight. The maximum amplitudes of pressure fluctuations on PS1, SS1, and SS3 gradually decrease when the axial distance increases from 280 mm to 460 mm, indicating that the influence of the axial distance on pressure fluctuations in the impeller concentrates on the region near the blade leading edge. For PS1, on the blade leading edge of the pressure side, the maximum amplitude of the pressure fluctuation reduces from 1697 pa to 1111 pa in a drop of 35%. This can be attributed to the decrease of the axial distance leading to the deterioration of the homogeneous degree at the impeller inlet and further influences the flow pattern in the impeller, as shown in Figure 10 . As Table 7 shows, both the dominant frequencies and maximum amplitudes of pressure fluctuations in the volute nearly remain unchanged with the increase of the axial distance, demonstrating that the influence of the axial distance on pressure fluctuations in the volute can be neglected.
The above analysis shows that the influence of the axial distance on pressure fluctuations in the centrifugal pump decreases from the leading edge of the blade to the volute. The axial distance of 460 mm is most beneficial to reduce the pressure fluctuations in the pump, but the influence level and action area are quite limited, especially for D A = 460 mm and D A = 380 mm. Therefore, the axial distance of 380 mm is the comprehensive optimal selection for the centrifugal pump with IGVs, with the consideration of energy performance and operation stability.
Conclusions
The influence of prewhirl angle and axial distance on energy performance and pressure fluctuation for a centrifugal pump with IGVs is conducted experimentally and numerically in the present work, and the main conclusions can be drawn as follows:
(1) Prewhirl regulation with IGVs can remarkably increase the energy performance of the centrifugal pump in a wide region, and the effect is strongly influenced by the prewhirl angle. 
